Zic family genes encode C2H2-type zinc finger proteins that act as critical toolkit proteins in the metazoan body plan establishment. In this study, we searched evolutionarily conserved domains (CDs) among 121 Zic protein sequences from 22 animal phyla and 40 classes, and addressed their evolutionary significance. The collected sequences included those from poriferans and orthonectids. We discovered seven new CDs, CD0-CD6, (in order from the N-to C-terminus) using the most conserved Zic protein sequences from Deuterostomia (Hemichordata and Cephalochordata), Lophotrochozoa (Cephalopoda and Brachiopoda), and Ecdysozoa (Chelicerata and Priapulida). Subsequently, we analyzed the evolutionary history of Zic CDs including the known CDs (ZOC, ZFD, ZFNC, and ZFCC). All Zic CDs are predicted to have existed in a bilaterian ancestor. During evolution, they have degenerated in a taxa-selective manner with significant correlations among CDs. The N terminal CD (CD0) was largely lost, but was observed in Brachiopoda, Priapulida, Hemichordata, Echinodermata, and Cephalochordata, and the C terminal CD (CD6) was highly conserved in conserved-type-Zic possessing taxa, but was truncated in vertebrate Zic gene paralogues (Zic1/2/3), generating a vertebrate-specific C-terminus critical for transcriptional regulation. ZOC was preferentially conserved in insects and in an anthozoan paralogue, and it was bound to the homeodomain transcription factor Msx in a phylogenetically conserved manner. Accordingly, the extent of divergence of Msx and Zic CDs from their respective bilaterian ancestors is strongly correlated. These results suggest that coordinated divergence among the toolkit CDs and among toolkit proteins is involved in the divergence of metazoan body plans.
Introduction
Body plans of metazoans have diverged and converged during evolution, providing a basis for adaptation strategies to changing environments. In the current metazoan phylogeny, nonbilaterian animals include poriferans, ctenophores, cnidarians, and placozoans, and most bilaterian animals are divided into three major taxa, Lophotrochozoa, Ecdysozoa, and Deuterostomia (Ruppert et al. 2004; Telford et al. 2015; Brusca et al. 2016) . Structural alterations of the genome largely account for body plan evolution. Recent evolutionary developmental studies have clarified key proteins that play roles in establishing animal body plans. The genes for such proteins are often called toolkit genes, which include those encoding transcription factors and components of intra-or intercellular signaling (Meyerowitz 1999; True and Carroll 2002) .
As part of the toolkit genes, Zic family genes encode C2H2-type zinc finger proteins, and they are harbored in bilaterian, cnidarian, and placozoan genomes, but have not been detected in the genomes of poriferans and ctenophores. They are essential for a variety of developmental processes. In vertebrates and ascidians, they play roles both in the ectodermal and mesodermal lineages: for example, neural differentiation, neural plate border specification, and node/ notochord/somite development (references in Aruga 2004; Houtmeyers et al. 2013) . In ecdysozoans, they participate in embryonic segmentation, visceral mesoderm differentiation of arthropods, and neural cell specification and epidermal differentiation of nematodes (Alper and Kenyon 2002; Bertrand and Hobert 2009 ). In the lophotrochozoan planaria, they are required for head regeneration, including eye and CNS regeneration (Vasquez-Doorman and Petersen 2014; Vogg et al. 2014) . Furthermore, expression profiles suggest that cnidarian Zic genes are involved in the development of the ectoderm, gastrodermis (a bifunctional endomesoderm) (Layden et al. 2010) , and nematocytes (Lindgens et al. 2004) .
Accumulating evidences regarding the involvement of Zic genes in a wide range of metazoan development processes have raised the question of how Zic genes have been involved in the change of animal body plans throughout the course of evolution. Several studies have addressed this question. Experiments using animal models have revealed their roles in the establishment of binocular vision in vertebrates (Herrera et al. 2003) and dorsoventral patterning of somites in teleost fish (Moriyama et al. 2012) . Conversely, molecular phylogenetic analyses have provided starting point hypotheses about the evolutionary history of these genes during evolution.
Firstly, concerning their origins, Zic genes are derived from a common ancestor of the Gli-Glis-Zic superfamily proteins that share similar five-C2H2-type zinc finger domains (ZFDs) (reviewed in Aruga and Hatayama 2018) . In Gli-Glis-Zic proteins, the two N-terminal C2H2 zinc finger motifs conform to the tandem-CWCH2 motif that characterizes structurally unified zinc fingers (Hatayama and Aruga 2010) , and their ZFDs show monophyly in the molecular phylogenetic analysis of eukaryotic zinc finger proteins (Hatayama and Aruga 2010; Layden et al. 2010) . The common ancestor of Gli-Glis-Zic existed in a metazoan ancestor Hatayama and Aruga 2010; Layden et al. 2010 ). Secondly, a prototypal Zic gene existed in a bilaterian ancestor (urbilaterian). This is based on the presence of an absolutely conserved intron (A-intron) in bilaterian Zic proteins, and the distribution of all previously known conserved domains (CDs) , that is, Zic-Opa-conserved (ZOC), ZFD, and zinc finger N terminally conserved (ZFNC) in each of the three major bilaterian taxa (supplementary fig. S1 , Supplementary Material online) Layden et al. 2010) . Thirdly, the CDs in urbilaterian prototypal Zic genes was selectively degenerated in several animal taxa including Tunicata (phylum Chordata in Deuterostomia), Platyhelminthes (Lophotrochozoa), Dicyemida (Lophotrochozoa), and Nematoda (Ecdysozoa) . Lastly, vertebrate paralogues in Amphibia, Reptilia, Aves, and Mammalia are generated as a consequence of tandem gene duplication-C terminal truncation of one of the two genes-quadruplication of the whole genome-loss of three genes (supplementary fig. S1 , Supplementary Material online) .
However, these hypotheses may not have been fully verified, presumably due to the limitation of the number of animal species in which the Zic sequence is present. Previous comparative genomic studies lacked comparison besides the three limited CDs and exon-intron boundaries, and minor phyla have been excluded from the analyses. Moreover, the functions of the proteins or their domains have not been addressed in any of the comparative analyses. Zic proteins, chordate, and fly Zic proteins specifically, possess transcription regulatory activities (Mizugishi et al. 2001; Yagi et al. 2004; Sen et al. 2010) that are yet to be comparatively investigated. In addition, we recently found Msx protein-binding activities of Zic proteins, which we report in this article.
Msx proteins contain a homeodomain (HD) and control ontogeny in many animal species. Msx genes are tool kit genes that are widely distributed in Metazoa (Takahashi et al. 2008) . Phylogenetic analysis showed that Msx proteins lost their CDs selectively in some animal taxa (Takahashi et al. 2008) . Zic and Msx control cell fate specification at lateral CNS in both vertebrates and nematodes (Li et al. 2017; Aruga and Hatayama 2018) . These findings raise the question of how the evolutionary processes of Zic and Msx are correlated.
In this study, we discovered seven additional CDs that existed in the urbilaterian Zic protein by optimizing the taxa for sampling. We then examined the distribution of all known CDs in Zic sequences from an extended metazoan animal list including those from 10 new phyla and 19 classes, and analyzed the extent and correlation of conservation among these CDs. Finally, we addressed the protein functions in a comparative manner. These analyses revealed Msx as a novel binding partner for ZOC in Zic proteins. Msx conservation showed a strong correlation with that of Zic CDs, indicating molecular coevolution between Zic and Msx. We also present new hypotheses concerning the origin of Zic family proteins, generation of cnidarian paralogues, and presence of the A-intron in a placozoan Zic. These findings reveal not only the evolutionary history of Zic proteins but also the coordinated nature of the protein domain evolution, which may underlie the generation of metazoan body plan diversity.
Results and Discussion

Collection of Novel Zic Protein Sequences and Origin of Zic Gene
To update the molecular phylogenetic analysis of Zic genes, we conducted a homology search against the current genome databases and collected Zic amino acid (AA) sequences from animal taxa that were not included in previous studies. The search identified Zic genes in new phyla including Porifera, Brachiopoda, Bryozoa, Priapulida, Onychophora, Tardigrada, and Orthonectida. In addition, we newly cloned Zic cDNA fragments from Spinochordodes tellinii (a parasitic worm for mantis, belonging to phylum Nematomorpha), Brachionus plicatilis (a plankton belonging to phylum Rotifer), and Echinorhynchus gadi (a parasite in teleost fish, belonging to phylum Acanthocephala). In Chordata, we added Zic AA sequences from two new Chordata classes: Callorhinchus milii (shark, belonging to class Chondrichthyes) and Petromyzon marinus (sea lamprey belonging to class Cephalospidomorphi). We also updated the annotations of Zic sequences in several species including a placozoan Trichoplax adhaerens and a centipede Strigamia maritima. In total, we collected 121 Zic AA sequences from 22 animal phyla and 40 classes (table 1). The extent of animal taxa coverage was larger than that in the latest molecular phylogenetic study on Zic (12 phyla, 21 classes) (Layden et al. 2010) .
Poriferan Zic sequences were identified in class Calcarea (three genes in Sycon ciliatum and two genes in Leucosolenia complicata) and in class Homoscleromorpha (one gene in Oscarella carmela) (table 1; supplementary figs. S2 and S3, Supplementary Material online). This finding contrasted with the absence of Zic sequences in any sponges belonging to class Demospongiae (whole genome sequence of Amphimedon queenslandica; Layden et al. 2010; Srivastava et al. 2010) 
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Sycon ciliatum Identification and Characterization of Novel Conserved Domains in Metazoan Zic Proteins . doi:10.1093/molbev/msy122 MBE dunlapae, Pukia falcata, and Vallicula multiformis; Neurobase, https://neurobase.rc.ufl.edu/pleurobrachia/browse) or in choanoflagellates (whole genome sequence of Monosiga brevicollis, Salpingoeca rosetta, and Capsaspora owczarzaki; NCBI and Ensembl databases). In addition, no Zic sequences were identified in fungal species or other living organisms Hatayama and Aruga 2010) . Based on the above facts, we summarized the Zic distribution in the metazoan phylogenetic tree and updated the hypothesis concerning the origin of Zic genes ( fig. 1 ). Because poriferans are monophylic with Calcarea þ Homoscleromorpha forming the sister group (Nosenko et al. 2013; Riesgo et al. 2014) , Zic absence in demosponges may indicate the loss of Zic in the demosponge clade. The phylogenetic positions of poriferans and ctenophores are still controversial (Telford et al. 2016) . However, recent studies support the model, "poriferans as sister to all other animals" (Feuda et al. 2017; Simion et al. 2017) . Based on this model, the absence of Zic in the ctenophores is considered to be the loss of Zic in the ctenophore clade. In this case, the direct ancestor of Zic is predicted to be gained by the metazoan ancestor ( fig. 1 ). Alternatively, if we adopt "ctenophore as sister to all other animals" model, the common ancestor of metazoan excluding ctenophore after divergence of ctenophore.
Distribution of Gli and Glis in the phylogenetic tree is also limited to metazoan clades (Hatayama and Aruga 2010) . Gli and Glis have been identified in a demosponge species (Amphimedon queenslandica, Layden et al. 2010) . We found Gli and Glis1/3 orthologues in another demosponge species (Ephydatia muelleri) (supplementary figs. S2 and S3, Supplementary Material online). It is also known that A. queenslandica contains another Gli/Glis sister/ancestral sequence (Amqgli2/3b, Layden et al. 2010 ). In our molecular phylogenetic analysis, Amqgli2/3b was grouped with sequences from other demospongiae species (E. muelleri, Haliclona amboinensis, and Xestospongia testudinaria) and a calcarea species (S. ciliatum), suggesting the presence of a Gli/Glis gene unique to poriferans (supplementary figs. S2 and S3, Supplementary Material online). These results, collectively, indicated that the Gli-Glis-Zic superfamily common ancestral gene may have already differentiated into Gli, Glis, and Zic in the last common ancestor of the metazoans.
Distribution of a Strongly Conserved Intron (A-Intron) in Zic Genes
We added notes on Tad-Zic gene in the placozoan Trichoplax adhaerens (Srivastava et al. 2008) as follows. The current DDBJ/EMBL/GenBank database contains an mRNA sequence (XM_002108437.1) that starts from the midst of ZF1, and a whole genome sequence contig (ABGP01000034.1) that includes two presumptive exons with Zic ZF1-3 and ZF4-5 as the splicing donor and acceptor, respectively (supplementary fig. S4 , Supplementary Material online). However, the first methionine is located in the midst of ZF1 of the ZF1-3-containing exon and the splicing acceptor sequence does not coincide between the mRNA and the contig sequence. Therefore, we searched for an upstream exon and hypothesized a new Tad-Zic protein. The new Tad-Zic gene contained the A-intron that conforms to the GC-AG rule consensus sequence that is frequently involved in alternative splicing in humans (Thanaraj and Clark 2001) .
As the A-intron was only found in bilaterian species in a previous study , we investigated the distribution of introns in the ZFD where genomic sequences were available (table 1) . As a result, all bilaterian Zic genes except a bdelloid rotifer Adineta vaga (Ava) were found to possess Aintrons (table 1) . In case of Ava-Zic sequences, introns were inserted into one base at 3 0 from the A-intron (i.e., A-intron is in HTG*[phase-1]EKP; Ava_1 and Ava_2 introns are in HTG*[phase-2]EKP, where * denotes the codon with intron. Hereafter, the Ava introns are referred as A þ1 introns). Interestingly, although Ava_1 and Ava_2 each possessed two additional introns in the ZFD, the positions are slightly different between paralogues (table 1). It is known that bdelloid rotifers including Ava are tetraploid species without meiosis (ameiotic), and possess unusual genomic features (Flot et al. 2013) . We speculate that the positions of introns are easily changed in this species and that the A þ1 introns may be variants of the A-intron.
A-introns are also found in highly simplified bilaterians. We previously showed that a dicyemid, lophotrochozoan parasitic worm without any specialized gut, nervous system, and muscle, possessed Zic genes with A-introns ). In a recent study, whole genome sequencing analysis of an orthonectid Intoshia linei, indicated that orthonectids are highly simplified lophotrochozoans with a muscular and nervous system (Mikhailov et al. 2016 ). The orthonectid Ili-Zic was found to have two introns in the ZFD, one of which was an A-intron. Orthonectids are rare parasites of marine invertebrates having simple body plans without digestive, circulatory, and excretory systems, and have been described as "mesozoan" animals showing an uncertain affinity with placozoans and dicyemids (Brusca et al. 2016) . Another intriguing animal, the Acoela, which lacks the anus, nephridia, and a circulatory system, and is proposed to be a bilaterian and a sister to the Nephrozoa (¼ Protostomia þ Deuterostomia) based on the 11 newly reported xenoacoelomorph MBE transcriptomes (Cannon et al. 2016) . Using transcript shotgun assembly in the Acoela Symsagittifera roscoffensis, we identified two Sro-Zic transcripts. One was an A-intron-spliced-out type (mature form) and the other was an A-intron-retained type; a deposited Convolutriloba longifissura transcript (ADN43077) was also an A-intron-retained type (table 1), indicating that xenoacoelomorpha Zic genes possess the Aintron. As a consequence, the A-intron is likely to be found in the "bilaterian ancestor" defined as the common ancestor of Xenoacoelomorpha and Nephrozoa. We also examined the introns in cnidarian Zic sequences. There were no introns in the ZFDs from 17 anthozoan sequences. In Hydrozoa, one of the four Hydra vulgaris Zic paralogues (Hvu_3) possessed an A-intron variant (A 0 -intron), Hvu_1 and Scolionema suvaense (Ssu) carried a D-intron , and the others (Hvu_2 and Hvu_4) did not contain any introns. In the A 0 -intron, a new splicing donor sequence in the A-intron was used for splicing, resulting in the insertion of four AA at the position of the A-intron (supplementary fig. S4 , Supplementary Material online). It was considered that the A 0 -intron was formed in the hydorozoan clade after the generation of four paralogues.
Collectively, the A-intron or its variants existed in bilaterians, placozoan, and hydrozoa. Although the placozoa Trichoplax was classically included in "mesozoan" species, recent molecular phylogenetic analyses indicate that placozoans are closely related to (Cnidaria þ Bilateria) (Dohrmann and Worheide 2013) . Based on recent molecular phylogenetic analysis (Srivastava et al. 2008; Mallatt et al. 2010; Pick et al. 2010; Telford et al. 2015) , we prepared four models to hypothesize the gain and loss of the A-intron ( fig. 2 ). Among the four models, model (D) is discordant with the result of the tree topology test (Srivastava et al. 2008) . Considering the absolute conservation of the A-intron in bilaterians, we speculate that there has been a strong negative selection pressure against A-intron loss for unknown reasons. If focusing on the parsimony of A-intron gain and loss, we would favor model (C) in which the A-intron is gained two times in the BilateriaþPlacozoa common ancestor and in the hydrozoa clade after paralogue generation. Naturally, the conclusion awaits the solution of metazoan phylogeny.
Identification of Novel CDs in Bilaterian Zic Proteins
In a previous study, we showed that the extent of conservation varies among the metazoan Zic AA sequences. They are strongly conserved in Vertebrata (Chordata), Cephalochordata (Chordata), Echinodermata, Mollusca, and Arthropoda in comparison to Platyhelminthes, Cnidaria, Nematoda, and Tunicata (Chordata) . Zic proteins belonging to the former and latter groups are called as conserved-type-Zic and diverged-type-Zic, respectively. To newly define the evolutionarily CDs, we selected 21 conserved-type-Zic sequences (table 1). The set of sequences were optimized to comparably represent the three major bilaterian taxa (Deuterostomia, Lophotrochozoa, and Ecdysozoa) where a taxon contained five to seven sequences from three animal phyla. After multiple sequence alignment, we inferred the ancestral sequence, defined by a maximal likelihood-based prediction in MEGA7 (Kumar et al. 2016 ). The analysis revealed highly conserved sequence elements throughout the proteins. We defined new evolutionarily CDs according to the following criteria: (1) the sequence element is conserved across the three taxa, (2) the length of the sequence element is >8, and (3) the sequence element is not divided by intervening AA residues in most species. A zinc finger C-terminal flanking region (ZFCC, eight AA) was exceptionally included because of its inclusion in a previous molecular phylogenetic analysis . As a result, we obtained new CDs that are well conserved among the selected Zic proteins ( fig. 3 and supplementary fig. S6 , Supplementary Material online).
We next examined the distribution of CD0-6 and ZFCC together with the known domains (ZOC, ZFNC, and ZFD) across all eumetazoan Zic proteins ( figs Identification and Characterization of Novel Conserved Domains in Metazoan Zic Proteins . doi:10.1093/molbev/msy122 MBE at the N terminus of Zic AA sequences from limited taxa including Priapulida, Chelicerata (Arthropoda), Brachiopoda, Cephalopoda (Mollusca), Hemichordata/Echinodermata, and Cephalochordata. In vertebrata, a partially conserved sequence could be identified in Zic4/5 paralogues. In the remaining taxa, Zic proteins existed as N-terminally truncated proteins containing CD1 as the N terminal CD. CD0 is predicted to be present in the bilaterian ancestor but has been extensively lost during evolution. Although its function is unknown, we noticed the distribution of CD0 in so called "living fossil" species such as Limulus polyphemus (Smith and Berkson 2005) and Lingula anatina (Emig 2008) . In this regard, it would be tempting to call CD0 a "living fossil domain." On the other hand, the C-terminal conserved domain CD6, was strongly conserved in most conserved-type-Zic proteins, and was weakly conserved in nematode, cnidarian, and placozoan Zic proteins. Interestingly, an "EWYV" sequence motif that was strongly conserved at the C-termini of the vertebrate Zic1/2/3 paralogues could be found in the Nterminal region of CD6, and its N-terminal flanking showed similarity to CD6 in multiple alignment. The result indicates that the vertebrate Zic1/2/3-type C-termini are truncated variants of CD6. Truncation of CD6 at the same position has not been observed in any Zic proteins besides the vertebrate Zic1/2/3 and can be regarded as a unique innovation in early vertebrates. Because the functional importance of the C-termini of Zic1/2/3 has been described, we hypothesized that this structural change may have a role in the establishment of the vertebrate nervous system. Because the C-termini of Zic1 and Zic2 are shown to have transcriptional regulatory activities (Kuo et al. 1998; Mizugishi et al. 2004; Twigg et al. 2015) , and Zic1 and Zic2 play major roles in vertebrate CNS development, their loss-of-function results in dysgenesis of the central nervous system, grossly characterized by hypoplastic changes in the dorsal neural tube along the entire rostrocaudal axis including the forebrain, cerebellum, and spinal cord (reviewed by Aruga 2004 ). In the case of human ZIC1, loss of the C-terminal CD is associated with calvaria deformity and learning disability (Twigg et al. 2015) .
The remaining new CDs (CD1-CD5) are located N-terminally to ZFD (fig. 5) . ZOC is located between CD1 and CD2. They were variably degenerated across the taxa. CD3 and ZOC are conserved as highly as CD6, and are included among the most conserved-type-Zic genes. However, ZOC is more clearly conserved in insects (Arthropoda) in accordance with its derivation (comparison between mouse and fly homologues, Zic-Opa Conserved). We also observed a clear conservation in a subset (Nve_A and Epa_4) of sea anemone (order Actinaria class Anthozoa phylum Cnidaria) Zic sequences.
ZFNC, ZFD, and ZFCC are adjacently placed, forming the largest compound CD. ZFNC was strongly conserved as also shown in previous studies ; Layden et al. Tohmonda (fig. 4) .
Absolute conservation was observed in 51 AA residues in the ZFD (supplementary fig. S7 , Supplementary Material online) including cysteine, histidine, and tryptophan residues of the C2H2/tCWCH2 motif. The tCWCH2 motif is proposed to be a hallmark for the structurally unified zinc finger unit (Hatayama and Aruga 2010) . ZF1 and ZF2 in all Zic proteins conformed to tCWCH2. However, the C2H2 motif was not completely conserved. For instance, ZF5 is missing in Pmi (Echinodermata) (PmZic Yankura et al. 2010 ) and in HVu_3 and Hvu_4 (Cnidaria) (Zic3 and Zic2, respectively Hemmrich et al. 2012 ) in addition to the C-terminal truncated partial sequence record (Clo). These results indicate that Zic isoforms lacking ZF5 can occur in the course of metazoan evolution. This study also revealed the presence of intervening sequences, a particularly long one in the Hrob ZF1 C-C region (61 AA), as well as in the Ste ZF1-ZF2 linker region (42 AA) and the novel Tcan ZF2 C-H region (9 AA). This finding is in agreement with the increased frequency of intervening sequences in tCWCH2 ZFs (Hatayama and Aruga 2010) .
To further clarify the evolutionary traits of Zic CDs, we examined the correlation of the evolutionary conservation extent among known CDs. The matrix of r values of Spearman's rank coefficient ( fig. 6 ) indicates moderate to strong (r ¼ 0.35-0.82) positive correlations among the Zic CDs. The strongest correlations (r ¼ 0.79-0.82) were observed in the ZFNC-ZFD, CD3-CD5, CD1-CD5, CD1-CD3, and ZFD-CD6 pairs. These results indicate that degeneration of the Zic CDs has occurred coordinately during evolution, suggesting the presence of intramolecular functional or structural associations in ancient Zic proteins.
In a previous study, we observed coevolution of Zic ZF1 and ZF2, which are structurally fused to form a single globular unit (Hatayama et al. 2008; Hatayama and Aruga 2010) . The ZF1/2 unit frequently possessed insertions and the extent of evolutionary conservation was lower in ZF1/2 than in ZF3/4/5 (Hatayama and Aruga 2010) (supplementary fig. S7 , Supplementary Material online). It is known that protein repeats in an open structure and in independently folding units are more volatile, and that volatile CDs are often shaped by concerted evolution, likely by recombination (Schuler and Bornberg-Bauer 2016) . However, ZF3, ZF4, and ZF5 are placed under strong evolutionary constraints even though they are predicted to form independent globular structures (Hatayama et al. 2008 ). This may be explained by the fact that ZF3, ZF4, and ZF5 are essential for DNA and cofactor binding .
FIG. 4. Preservation of conserved domains in metazoan Zic proteins.
Preservation of CDs in metazoan Zic proteins. Red color gradient in the boxes indicates the percentage of conservation where maximal matching to the urbilaterian CD sequence was defined as 100% and the minimal blast score as 1%, as shown in the inset scale. Blank box indicates the absence of the sequence element with minimally detectable homology (BLAST score > 25) to the urbilaterian CD sequence. In the ZOC core column, gray and blank boxes indicate the presence and absence of ZOC core sequence consensus defined as
FIG. 4. Continued (R/S/N)(D/E)(F/L)(V/L/I)(L/F)(R/K)(R/N/S).
Arrowheads, parasitic animals; hyphen (-), not applicable; rank, ranking order of overall CD conservation extent defined as a summation of the percentages of each conserved domain among the 116 full-length sequences. Mouse Zic proteins (Mmu_1/2/3/4/5) show the same profiles as Hsa_1/2/3/4/5, respectively.
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Diversification of Zic Genes in Each Taxa
Molecular phylogenetic tree analysis using the full set of metazoan Zic ZFNC-ZFD-ZFCC region AA sequences revealed novel evolutionary processes of Zic genes in each taxa. First, anthozoan Zic paralogues (Nve_D, Epa_1, Epa_2, Adi_1, Ofa_1), (Nve_C, Epa_3, Adi_2, and Ofa_2), (Nve_A, Epa_4), and (Nve_E, Epa_6) were grouped with moderate to strong statistical supports ( fig. 7A and supplementary fig. S8 , Supplementary Material online). On the other hand, hydrozoan Zic sequences were not grouped with their anthozoan Tohmonda et al. . doi:10.1093/molbev/msy122 MBE counterparts, but Hvu_1 and Ssu were grouped within the taxon. Together with taxonomic information that the four anthozoan species belong to either Order Actiniaria (anemones) (Nve and Epa) or Order Scleractinia (corals) (Adi and Ofa) (Shinzato et al. 2011 ), we hypothesize processes of the cnidarian Zic paralogue generation ( fig. 7B) , where the Anthozoan ancestor had three Zic paralogues, and two additional Zic genes were generated by duplication in the Actiniaria ancestor, and an additional duplication in the Epa ancestor after diverging Nve. ZOC was predicted to have existed in the cnidarian ancestor but was retained in one type of paralogues in the Actiniaria.
Concerning other paralogues, we found conservation of each paralogue between mammals (Hsa) and cartilaginous fish (Cmi) (supplementary fig. S8 , Supplementary Material online), indicating that vertebrate paralogues were generated in a vertebrate ancestor before the Chondrichthyes diverged. Rotifer and Acanthocephala are reported to have a close relationship in molecular phylogeny (Garey et al. 1996; Sielaff et al. 2016 ). However, we did not see a clear affinity between the Rotifer (Bpl and Ava) and Acanthocephala (Ega) Zic sequences (supplementary fig. S8 , Supplementary Material online).
Sequence-Dependent Transcriptional Activation Is an Evolutionarily Conserved Function of Metazoan Zic Proteins
We next addressed the function of Zic proteins from a phylogenetic perspective. Chordate (vertebrates and tunicates) and fly Zic proteins have been shown to have transcriptional regulatory activities (Mizugishi et al. 2001; Yagi et al. 2004; Sawada et al. 2005; Sen et al. 2010) . To examine the possibility of transcriptional regulatory activity, we constructed the Nterminal FLAG epitope-tagged expression vectors for Nve_A/ B/C/D/E, Hbl, Ttu, Pim, Afr, Dme, Cel, Ppe, Ci_a/b, Bfl, and mouse (Mmu_1/2/3/4/5) proteins. Mouse Zic proteins were chosen because they are well characterized and highly similar to human ZIC proteins (Aruga 2004; Houtmeyers et al. 2013 ). These were transfected into cultured mammalian cells along with high affinity Zic-binding-sites containing the Tgif1 promoter (Ishiguro et al. 2017) . The results indicated that most Zic proteins showed binding sequence-dependent transcriptional regulatory activities ( fig. 8A and B) . Among the vertebrate paralogues, Zic2 showed the strongest activation. When compared with mouse Zic levels, several invertebrate Zic (Bfl, Ppe, Pim, Cel, Nve_A, Nve_C, and Nve_E) proteins showed more than half of the transcriptional activation as that of MBE mouse Zic2. Most Zic proteins except Afr showed significant activation, and those except Nve_B, Afr, and Cin_b showed significant sequence dependence. These results indicate that the transcriptional regulatory activities are maintained despite the apparent absence of CDs other than ZFD (e.g., Ssu and Cin_a).
The above results led us to examine the protein binding abilities of Zic proteins with proteins that are proposed to be associated with transcriptional regulation of Zic proteins (Ishiguro et al. 2007) . For this purpose, we expressed Nve_A, Ttu_B, Pim, Dme, Cel, Ppe, and mouse Zic2 (Mmu_2) in HEK293T cells and immune-precipitated them using an anti-FLAG antibody; the coprecipitated proteins were then analyzed by immunoblotting ( fig. 8C ). All the Zic-binding proteins (DNA-PKcs, Ku70, Ku80, poly ADPribose polymerase, RNA helicase A) were found to be coimmunoprecipitated with Zic proteins at least in part. It is known that these proteins associate with mouse Zic2 through either the CD2-ZFNC region (DNA-PKcs) or ZF3 in ZFD (Ku70, Ku80, poly ADP-ribose polymerase, and RNA helicase A) (Ishiguro et al. 2007 ). It was considered that interaction with these proteins underlies the highly conserved transcriptional regulatory activities among Zic proteins.
ZOC Is Essential for Zic-Msx Interaction
Recent studies have shown that Zic and a homeodomain (HD) transcription factor, Msx, are involved in an evolutionarily conserved gene regulatory cascade to specify the lateral border region of the bilaterian central nervous system (CNS) (Simoes-Costa and Bronner 2015; Li et al. 2017 ). We also found that mouse Zic1 and Msx are colocalized in the cell nuclei of the dorsal spinal cord and the progress zone beneath the apical ectodermal ridge of developing limbs (Aruga et al. 2002) (fig. 9A ). These facts led us to examine whether Zic protein could physically interact with Msx protein. We transfected HA-tagged mouse Zic2 and FLAG-tagged Msx2 expression vectors into mammalian cells and performed a coimmunoprecipitation assay. The result showed that Zic2 physically interacted with Msx2 ( fig. 9B ). We next mapped the Msx-binding site in Zic2 protein using a series of N-terminally or C-terminally deleted mutants and found that the Zic2 AA 100-140 region including ZOC was necessary for Msx2 binding ( fig. 9C ). We also mapped the Zic2 binding domain in Msx2 using an Msx deletion mutant, and found that HD is essential for interaction with Zic2 ( fig. 9D ). The purified HD-GST fusion protein bound HA-Zic2 protein in a GST-pull down assay ( fig. 9E ), suggesting a direct interaction between Zic2 and Msx2.
In a previous study, ZOC was shown to be bound by a transcriptional repressor, I-mfa (Inhibitor of myoD family, also called as Mdfi) protein (Mizugishi et al. 2004) . Therefore, it is likely that ZOC serves as a regulatory hub to control Zic protein function.
Msx-Binding Abilities Are Widely Conserved in Metazoan Zic Proteins
Msx proteins are also widely conserved in metazoa (Takahashi et al. 2008 ) and play critical roles in neural and skeletal development (Alappat et al. 2003; Ramos and Robert 2005) . We next asked how widely the Msx-binding abilities are retained in metazoan Zic proteins. We cloned Msx cDNA from mouse and sea anemone and constructed FLAG-tagged Mmu-Msx1 and Nve-Msx expression vectors. These vectors were cotransfected with MYC-tagged Zic proteins from Mmu, Nve, Ttu, Pim, Dme, Cel, and Ppe, and the MSX proteins were precipitated using anti-FLAG antibodies. The result indicated that all the tested Zic proteins were coprecipitated with both Mmu-and Nve-Msx proteins ( fig. 10A and B) . However, Dme-Zic (Opa) and Cel-Zic (ref-2) coprecipitated less efficiently than the other Zic proteins in both cases.
Although Cel-Zic does not contain an apparent ZOC in the CD homology search, it contained a (KDKMMKS) sequence instead of typical ZOC (RDFL[L/F]RR) (Layden et al. 2010) . The similarity in the position of the charged residues and hydrophobic residues might be sufficient for binding. Therefore, the results suggest that a detailed structurefunction analysis based on these experiments is required to consider the evolutionarily conserved protein-protein interaction. In addition, we cannot exclude the involvement of other CDs in the binding of Zic to Msx.
Msx Conservation Extent Was Strongly Correlated with That of Zic CDs
Having obtained results suggesting evolutionary conservation of Zic-Msx interaction, we examined how the evolutionary processes of the two genes are correlated. In a previous study, the evolutionary process of metazoan Msx genes was described from the viewpoint of conservation and diversification from a bilaterian ancestor (Takahashi et al. 2008) . We then compared the conservation extent of Msx and Zic CDs. As an Msx CD, HD with 8 AA of N-flanking and 17 AA of Cflanking was chosen because this domain is sufficiently large for conservation extent analysis and as HD can mediate physical interaction with Zic proteins. We calculated the HD homology score between the predicted bilaterian ancestral Msx AA sequence and Msx sequences from 38 species in which Zic sequences are known (table 1) . Coefficient values were determined for each Zic CD and Msx HD ( fig. 11A) . As a reference, we used the evolutionary distances of 18S ribosomal RNA (18S) sequences of the corresponding species. The result indicated that both Msx HD and 18S showed moderate to strong correlations. However, the coefficient values for Msx-Zic CDs was higher than those of 18S-Zic CDs in the total CDs (P < 0.01 in a paired t-test), and the values for CD1 and CD3 were particularly well correlated with those of Msx HD, compared with those of 18S. The value for ZFD was high, but was comparable to that of 18S. The scatter plot of the Zic ZFNC-ZFD-ZFCC and Msx HD or 18S score is indicated in figure 11B and C to show the detailed correlation profile. The graphs indicate that both Zic and Msx are strongly conserved in animals belonging to Echinodermata/ Hemichordate, Mollusca, Cephalochordata, and Vertebrata groups, but are poorly conserved in Nematoda, Platyhelminthes, and Urochordata. There was disparity concerning the cnidarian sequences where Msx sequences showed high conservation in anthozoa and low conservation MBE in hydrozoa, consistent with a previous report (Takahashi et al. 2008 ).
Significance of Zic-Msx Interaction during Evolution
Above results suggest evolutionary processes of Zic and Msx family genes are closely related (summarized in fig. 12 ). Both Zic and Msx proteins are distributed widely in bilaterians Takahashi et al. 2008; Layden et al. 2010 ). The role of Msx genes in neuroectodermal patterning has been suggested by their expression in the lateral longitudinal columns in the fruit fly and in vertebrates (Isshiki et al. 1997; Arendt and Nubler-Jung 1999) , and this feature is now extended to the nematode nervous system (Li et al. 2017) . Expression in the lateral longitudinal columns has also been described for the vertebrate Zic family (Nagai et al. 1997; Fujimi et al. 2006 ) and in nematodes (Li et al. 2017) . Their common roles in cell fate specification have been indicated for both, Protostomia and Deuterostomia (Simoes-Costa and Bronner 2015; Li et al. 2017) . This study showed Zic/Msx coexpression in the limb buds ( fig. 9A ) where both genes have a role in limb patterning (Satokata and Maas 1994; Nagai et al. 2000; Satokata et al. 2000; Quinn et al. 2012) . In addition, the genetic interaction could be predicted in the cranial bone as both Zic and Msx are associated with craniosynostosis (ZIC1 and MSX2, developmental abnormality of calvaria bones) (Wilkie et al. 2000; Twigg et al. 2015) and jaw development Cerny et al. 2010) . Although the functional link is limited to the nematodes at present, the conserved binding between Zic and Msx may predict additional links in unexplored species.
The cooperation between Zic and Msx raises the possibility that toolkit genes that are often coopted are placed under similar evolutionary constraints to preserve their functional domains. The result was logically expected. However, it may not have been sufficiently proven. In a previous study we showed that conservation of paired domain and homeodomain of Pax6 showed taxon dependent differential degeneration similar to Zic in comparison to housekeeping genes ). Further molecular phylogenetic analyses considering the developmental context or protein function would reveal novel aspects of evolution.
However, we should note that Zic and Msx are not distributed identically in metazoans. Zic genes are absent in demosponges and are present in animals belonging to phylum Placozoa and phylum Platyhelminthes class Cestoda. In contrast, Msx genes are retained in demosponges and are not detected in Placozoa and Cestoda. Parahox genes were shown to be lost in Cestoda species presumably due to adaptations to parasitism (Tsai et al. 2013 ). The result is in contrast with the preservation of Msx genes in parasitic nematodes (Nam, Tcan, Asu, Tzi, Ttri, and Tps) and in a freely living highly simplified orthonectid (Ili). These results are thought to reflect that differential evolutionary constraints understandably exist for Zic and Msx genes.
Significance of CDs in Zic Protein Evolution
This study provided several novel ideas and facts about the Zic protein evolution ( fig. 12 ). Identification of poriferan Zic genes suggests the presence of an ancestral Zic gene in the metazoan ancestor. The presence of novel CDs in Zic proteins of bilaterian ancestors and their selectivity contributed to their loss during bilaterian evolution. Transcriptional activation and Msx binding are phylogenetically conserved functions of Zic proteins. Some Zic CDs and Msx HDs share similar degeneration profiles during evolution. However, besides the evolutionary history of Zic proteins, some results suggest considering the protein domain evolution.
First, the discovery of novel CDs became feasible by selection of slow evolving genes that preserve the ancestral traits. This idea was based on the awareness that the degeneration extent of CDs in some toolkit proteins such as Zic, Pax, and Msx varies strongly among the animal taxa (phyla or classes) Takahashi et al. 2008) . Because sufficient numbers of conserved sequences were identified in the Lophotrochozoa, Ecdysozoa, and Deuterostomia, the reported CDs may properly represent those in the bilaterian ancestor. By adding these seven CDs (CD0-6) to the two known ones (ZOC and ZFNCþZFDþZFCC cluster), we can predict that at least nine CDs existed in the bilaterian ancestor.
The protein domains can be described as a compact, spatially distinct unit, which can be defined from both functional and structural viewpoints (Miklos and Campbell 1992 Identification and Characterization of Novel Conserved Domains in Metazoan Zic Proteins . doi:10.1093/molbev/msy122 MBE "CDs" in this study are based on sequence similarity and are considered from evolutionary perspectives. Among the nine Zic CDs, the CD that can be found in the other proteins is the C2H2 ZF in ZFD upon searching against protein CD databases (NCBI-CDD, Pfam, Prosite, SMART), suggesting that CDs other than ZFD are only distributed in the Zic family. Furthermore, there are no traits of CD duplication or shuffling in the collected metazoan Zic sequences. Together with the strong correlation among the CDs ( fig. 6 ), Zic CDs are thought to be coordinated to exert Zic protein function. In other words, the protein structure of the urbilaterian Zic was selfcontained and a radical change in protein structure may not have been allowed in the course of bilaterian evolution. Even though the domains defined by the structure (sequence) and function are not identical, there might be a correlation between the protein function and CDs degeneration extent. Based on this idea, we performed a functional assay of transcriptional activation using both conserved and diverged type Zic expression vectors. However, the analysis demonstrated that the sequence-dependent transcription regulatory functions of the Zic proteins are not clearly correlated with CDs maintenance and that interactions between Zic and transcription regulatory proteins are mostly conserved ( fig. 8) . These results suggest that the basic regulatory activity of Zic protein function is not simply predicted by the presence or absence of CDs.
Finally, while whole genome sequencing of key species in evolution readily improve our understanding of the phylogenic relationship among the animals and provide us with an indispensable framework, the key gene with manyspecies approach as taken by this study would elucidate different aspects of evolution such as function-oriented protein domain evolution. A combination of these two approaches would be beneficial for better understanding of the evolutionary process. 
MBE
Materials and Methods
Animals
Brachionus plicatilis were purchased from Nikkai Center Co. (Tokyo, Japan). Echinorhynchus gadi were collected from an Alaska pollock captured off Hokkaido purchased from a local fish dealer. Spinochordodes tellinii were collected from a wild mantis (Acromantis sp.) captured at Fukaya City in Saitama Prefecture, Japan. Species validation was done using 18S ribosomal RNA sequences.
PCR Cloning of Zic cDNA RNA was isolated using TRIzol reagent (Invitrogen, CA) as per the manufacturer's recommendation. cDNA was synthesized using a 3-Full RACE Core Set (Takara Bio, Shiga, Japan). Zic homologs were initially identified by nested PCR on cDNA or genomic templates using degenerate primers corresponding to the ZF2 to ZF3 region . cDNAs corresponding to ZF at their 3 0 and 5 0 ends were cloned using a 3-Full RACE Core Set and 5-Full RACE Core Set (Takara Bio), respectively. The entire open reading frame region of the cDNAs was again cloned using primers located outside the target regions. Amino acid sequences were acquired after nucleotide sequencing of multiple PCR fragments. de/ 2018.3.11) . For the database query, we used the sequence information from previous studies (True and Carroll 2002; Aruga et al. 2006 Aruga et al. , 2007 Takahashi et al. 2008; Hatayama and Aruga 2010; Layden et al. 2010) . A TBlastN search was done for whole genome shotgun contigs (wgs) or transcript shotgun assembly (TSA) of target organisms with the following key sequences and the validity of the target was checked by reciprocal BLAST. Ttu-Zic and Cfl-Msx were used to identify the hypothetical Hrob-Zic and Gastropoda Msx (Bgl and Lgi), respectively. Hypothetical Cte-Zic and Tad-Zic sequences were obtained with a BLAST search against ADN43078 and XP_002108473, respectively. The criteria for their identification as members of Zic and Msx families were described previously (True and Carroll 2002; Aruga et al. 2006; Takahashi et al. 2008) . The newly defined sequences were deposited at DDBJ/NCBI/EMBL databases with accession numbers shown in table 1.
We omitted sequences that were thought be immaturely curated; for instance, the Schistosoma mansoni (short form) and Hymenolepis microstoma sequences were edited to obtain the entire ORF by adjoining the predicted Exon1 and Exon2 sequences manually.
Presence or absence of introns in ZFD and their positions in case of presence were examined by ENSEMBL database or by aligning genomic sequence and mRNA sequence.
Molecular Phylogenetic Analysis
The AA and nucleotide sequences were aligned using MUSCLE (Edgar 2004) , MSAPROBS (Liu et al. 2010) , and MAFFT (Katoh et al. 2017) . Some of the aligned sequences were corrected by visual inspection.
To define the Zic CDs except CD0 in the bilaterian ancestor, we first selected and aligned Zic sequences from Deuterostomia (Bfl, Sko, Sca, Apl, Ppe, and Spu), Lophotrochozoa (Cte, Lan, Ttra, Cfl, Sso, Hbl, Obi, and Lgi), and Ecdysozoa (Pca, Lpo_1, Pim, Pte, Afr, Haz, and Eka) with a cnidarian sequence (Nve_A) as an outgroup. The ancestral sequences were calculated using the Maximum Likelihood method under a JTT matrix-based model (Jones et al. 1992 ), a defined tree as follows ((Bfl,(((Apl, Ppe) , Spu), (Sca, Sko))),((Cte,(Lan, Ttr),(Lga,(Hbl, Obi),(Sso, Cfl))),(Pca,(Eka,((Pim, Lpo_1, Pte),(Afr, Haz))))), Nve_A). Identification and Characterization of Novel Conserved Domains in Metazoan Zic Proteins . doi:10.1093/molbev/msy122 MBE All positions with <70% site coverage were eliminated (423 positions in the final data set). The CDs were defined as shown in supplementary figure S6, Supplementary Material online. Selection of CDs was done under the above criteria by excluding clusters with less Maximal Probability. To define CD0, we carried out the same analysis using Bfl, Apl, Ppe, Sca, Sko, Lan, Pca, Lpo_1 sequences and a tree as follows (Bfl, (((Apl, Ppe) , Spu),(Sca, Sko)),(Lan,(Lpo_1, Pca))), and defined it as shown in supplementary figure S6, Supplementary Material online.
A homology search against the local Zic sequence database was performed using the BLAST program (Altschul et al. 1990) implemented in the NCBI Genome Workbench (https://www.ncbi.nlm.nih.gov/tools/gbench/2018.3.18) with the following parameters: word size, 3; e-value, 10; and Threshold, 11. The conservation of CDs was measured by the BLAST score based on a BLOSUM62 matrix (Henikoff and Henikoff 1992) . We defined the presence of a CD if the target Zic AA sequence contained a homologous sequence element with a score >24. If multiple patterns of sequence alignments were given for a sequence in the homology search, the optimal alignment with the lowest E-value was retained and the others were omitted. The E-values of the omitted sequences were marginal, ranging from 1.4 to 7.6. To calculate the conservation extent as percentage among the CDcontaining sequences, the minimal and maximal scores were defined as rank value 1 and 100, respectively, and the remaining sequence scores were placed proportionally within this range. Sequences that were not shown by the CD homology search were defined as having a rank value of 0. The correlation analysis for conservation extent was performed using the percentages defined above. Because the rank values were discontinuous between 0 and 1, we calculated the coefficient r in Spearman's rank-order correlation using the rank values to consider both presence-absence and conservation extent information.
Phylogenetic tree analysis was performed with MEGA7 (Kumar et al. 2016) and MrBayes 3.2 (Ronquist et al. 2012 ). The Maximal Likelihood-based tree was based on distance calculation using the JTT matrix (Jones et al. 1992 ) after removing all positions with <70% site coverage. In the Maximal Likelihood tree, tree reliability was estimated by a bootstrap test with 500 repetitions. In the Bayesian inference analysis we used an empirical model (WAG distances, Whelan and Goldman 2001) with gamma, alpha shape parameter, and AA frequencies estimated from the data. We ran 1, 000, 000 generations with one cold and three incrementally heated Markov chains, random starting trees for each chain, and trees sampled every 100 generations. We constructed a 50% major rule consensus tree from the last 2500 trees that were saved (burnin ¼ 2500). The tree was edited using TreeGraph 2 (Stover and Muller 2010) .
Reconstruction of the Msx sequence in the bilaterian ancestor was performed as described above for the ancestral Zic sequence construction. The resultant sequence was identical to that constructed in a previous study (Takahashi et al. 2008) except that the sequence was extended by including 17 AA of the N-terminal flanking region of HD. The conservation extent was defined as the BLOSUM62-based BLAST score between the ancestral sequence and the target sequence. The evolutionary distances of 18S RNA were calculated as the number of base substitutions per site between the ancestral 18S RNA sequence and the target species-derived ones. Analyses were performed using the Tamura-Nei model (Tamura and Nei 1993) . Measurements were taken after removal of any alignment gap-containing sites, assuming different evolutionary rates among sites (gamma distribution, a ¼ 0.4). The correlation between the conservation extents of (18S or Msx) and Zic was analyzed using the coefficient r in Spearman's rank-order correlation. The analysis was done for species in which Zic, Msx, and 18S RNA sequences were all available after removing the paralog that showed lower conservation values than any remaining paralogues. Therefore, the representative sequences were the most strongly conserved in each group.
Plasmids and Mutagenesis
To construct Zic expression vectors for Zic proteins (Nve-A/ B/C/D/E, Ssu, Hbl, Pim, Afr, Dme, Cel, Ppe, Cin-a/b, Bfl, Mmu-1/2/3/4/5, Xla-1/2/3/4/5) and Msx proteins (Nve, Mmu-1), entire protein coding regions were first amplified by PCR and cloned into the pGEMT easy vector (Promega). Nve BAC (Nve-A, CH314-49A19; Nve-B/C/D/E, CH314-55K22) or Nve cDNA (Nve-Msx). After verification by sequencing, the correct ORFs were excised from the plasmid using NotI or EcoRI and inserted into modified pcDNA3.1 vectors (Invitrogen), in which a Myc or FLAG tag was introduced N-terminally followed by the initiation codon for methionine.
The HA-tagged Zic2 deletion series was described previously (Mizugishi et al. 2004 ). The pcDNA3-Flag-Msx2 vector was a gift from Dr. Ken Watanabe (Masuda et al. 2001) . A series of truncated Msx2 (NþHD; 1-612 bp, N; 1-423 bp) was amplified by PCR and subcloned into the BamHI-SalI site of pCMV-tag2A (N-terminal Flag expression vector; Stratagene). To construct the GST fusion plasmid, the sequence of the Msx2 homeodomain (424-612 bp) was amplified by PCR and subcloned into pGEX4T3 vector (Promega). Mutations were introduced into mouse and frog Zic2 using the Takara in vitro mutagenesis kit (Takara).
Luciferase Reporter Assay NIH3T3 cells in 24-well dishes were transfected with pTgif-luc or pTgifDZBS (200 ng) (Ishiguro et al. 2017 ), pcDNA3.1-FLAG or pcDNA3.1-FLAG-Zic (200 ng), and pEF-Renilla luciferase (4 ng) using TransIT-LT1 (Mirus Bio). Luciferase activity was measured using a Dual Luciferase Assay System (Promega) and a Minilumat LB 9506 luminometer (Berthold).
Immunoprecipitation and GST-Pull Down Assay
For the Zic-Msx binding assay (figs. 9 and 10), 293 T cells were cotransfected with appropriate expression vectors using Effectene (Qiagen). At 24 h after transfection, the cells were lysed in an immunoprecipitation buffer (25 mM Hepes, pH 7.2, 0.5% NP-40, 150 mM NaCl, 50 mM NaF, 2 mM Na 3 VO 4 , 1 mM PMSF, 20 lg/ml aprotinin) at 4 C. Immunoprecipitation was performed using an anti-FLAG Tohmonda et al. . doi:10.1093/molbev/msy122 MBE M2 monoclonal antibody (Sigma). The bound material was detected by immunoblotting with an anti-HA polyclonal antibody H-6908 (Sigma). For the Zic2-DNAPK/RHA complexes binding assay, 293 T cells were transfected with the appropriate expression vectors using Lipofectamine 2000 (Invitrogen). Transfected cells were washed and harvested in PBS(-) containing 1 mM PMSF, and total cell extracts were prepared with lysis wash buffer 150 (20 mM HEPES-KOH [pH 7.8], 10% glycerol, 150 mM NaCl, 0.5 mM DTT, 0.1 mM EDTA, 0.5% Nonidet P-40, and 1 mM PMSF). The extracts were incubated with anti-HA or anti-FLAG affinity beads at 4 C for 6 h. Immunoblotting was carried out as described previously (Ishiguro et al. 2007) .
GST fusion proteins were expressed in Escherichia coli and affinity-purified with Glutathione Sepharose 4B (Pharmacia). For the GST pull-down assay, GST fusion proteins were incubated for 2 h at 4 C with protein extracts from 293 T cells or purified Zic2 protein in the immunoprecipitation buffer. After washing five times, the bound proteins were separated by SDS-PAGE, and then immunoblotted with an anti-FLAG antibody.
